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A wide array of experimental studies, dating from the 1960s, have been conducted to investigate the hemodynamic characteristics of sepsis, resulting in seminal discoveries regarding the functional and molecular changes that account for the vascular dysfunction in sepsis (for review see Kimmoun et al. 2013) . Nonetheless, such studies do not provide enough evidence to indicate the use of a particular vasoactive agent in sepsis. Thus, the vasopressor therapy used in septic patients remains based mainly in clinical experience and deficient experimental data (Dellinger et al. 2013; Ellender and Skinner 2008) .
In spite of the systemic and severe hypotension that occurs in septic shock, several laboratory investigations using either in vivo or in vitro experimental models of sepsis revealed that vasoplegia does not occur in all kinds of vessels (e.g. Cameron et al. 1998; Li et al. 1992; Martin et al. 1993; Suba et al. 1992) . However, to our knowledge, these and other studies D r a f t 4 focused on this field were either restricted to specific time periods post induction of sepsis or did not explore vascular reactivity to the vasoactive agents commonly used in septic patients. In addition, the profile of vascular reactivity changes in response to some endogenous vasoactive agents, such as angiotensin II, remains to be investigated. Importantly, norepinephrine has been described as the first-choice vasopressor in sepsis, but other agents such as vasopressin and phenylephrine are still recommended when norepinephrine fails or generates deleterious effects (Dellinger et al. 2013) .
Taking into account i) the lack of knowledge regarding the deleterious or beneficial effects of vasoactive drugs in sepsis, ii) the limited possibilities for evaluation of the vascular responsiveness to vasoactive agents in humans with sepsis, and iii) the incomplete understanding regarding the behaviour of arteries in terms of their sensitivity to endogenous and clinically used vasopressors, this study was designed to explore and compare the contractile responses generated in vessels during the onset and later stages of polymicrobial sepsis induced by the cecal ligation and puncture (CLP) model of sepsis.
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Cecal ligation and puncture (CLP) surgery
The CLP surgery was conducted as previously described (Rittirsch et al. 2009) , with the following minor modifications. Before the induction of anaesthesia, the animals received 5 mg/kg xylazine and 10 mg/kg tramadol (given by the intraperitoneal route, i.p.) to achieve presurgical sedation and post-surgical analgesia, respectively. Five minutes after this treatment, the animals were placed in an anaesthetic chamber saturated with 5% isoflurane in 100% oxygen.
Immediately after induction of anaesthesia, the animals were removed from the anaesthetic chamber and maintained under inhalant anaesthesia (3% isoflurane) delivered by facemask.
After confirming the absence of reactions to pinch stimuli in the limbs, tail and abdomen, 200 µL lidocaine (2%, without a vasoconstrictor) was injected in the abdominal muscle and skin (closed to the linea alba), and an incision (approximately 1 cm) was made in the abdomen allowing the exteriorization of the cecum. We used suture lines to cause a partial obstruction in the cecum, distal to the ileocecal valve (comprising 50%), and four non-transfixing holes were made with a 18-gauge needle in the cecum, followed by careful compression to release the intestinal contents into the abdominal cavity. The cecum was positioned inside the peritoneum, the abdominal muscle was sutured, and the skin was closed with wound clips (AutoClip ® , MikRon Precision, Inc., Gardena, CA, USA). After the surgery, all animals were subjected to fluid replacement (sterile isotonic saline, 30 mL/kg, s.c.), and were maintained in warmed cages until they had completely recovered from anaesthesia. This protocol resulted in a 40% mortality in our experiments, with deaths occurring mainly between 24 h and 36 h after the CLP surgery ( Supplementary Fig. S1 ). The CLP-subjected rats were divided into two separate groups, which were used for isolation of vascular preparations at 6 h (CLP 6 h group) or 18 h (CLP 18 h group) after the surgery. The animals used in the CLP 18 h group received an additional dose of tramadol (10 mg/kg, s.c.) 12 h after the CLP surgery. Arteries from sham-operated rats D r a f t (subjected to the same procedures as the CLP groups, except for the ligature and perforation of cecum) displayed unaltered in vitro vascular reactivity to vasoconstrictors and KCl at both 6 and 18 h after the surgery as did vessels obtained from naïve animals (Supplementary Fig. S2; de Souza et al. 2015) . For this reason, naïve animals were used in the control (sham, non-septic) groups in our experiments.
Isolated vascular preparations and assessment of vascular reactivity
Vessels were isolated under general anaesthesia induced by intraperitoneal injection of ketamine/xylazine (100/20 mg/kg, i.p.). After confirming the absence of reactions to pinch stimuli in the limbs, tail and abdomen, the superior mesenteric artery, the left and right carotid and renal arteries, and the tail artery, were carefully dissected and removed from the animals, which were euthanized by exsanguination during this process. both from AD Instruments, Australia).
In our experiments, the preparations were kept under a basal tension of 0.5 g (mesenteric,
renal and tail arteries), or 1.0 g (carotid arteries). After the system setup was complete, a 60 min interval was allowed for stabilization. During each resting period in our protocol, the PSS was D r a f t replaced every 15 min. After stabilization, the vessels were exposed to high KCl (120 mmol/L) modified PSS for 10-15 min, and the maximum contractile responses were recorded. The preparations were washed with regular PSS, and after a further interval of 30 min, 1 µmol/L phenylephrine was added into the baths. Under the sustained contraction induced by phenylephrine, the preparations were exposed to acetylcholine (1 µmol/L). Only those vessels that reached a relaxation greater than or equal to 80% in response to acetylcholine were considered functional endothelium and were used in this study.
After the verification of the integrity of the endothelium, the arteries were subjected to a new stabilization period of 60 min (carotid arteries), or 30 min (mesenteric, renal, and tail arteries), which was followed by the addition of cumulative concentrations of phenylephrine, norepinephrine, angiotensin II, or vasopressin, in a range between 1 nmol/L and 30 µmol/L. The changes in vascular tone recorded in vessels obtained from CLP 6 h and CLP 18 h groups were compared with the responses from preparations obtained from control (non-septic) animals.
Assessment of vascular reactivity in the perfused mesenteric vascular bed
The mesenteric vascular bed was removed from rats under deep anesthesia induced by intraperitoneal injection of ketamine/xylazine (100/20 mg/kg, i.p.), and prepared for perfusion as previously described (McGregor 1965) . Briefly, after confirming the absence of reactions to pinch stimuli in the limbs, tail and abdomen, the abdomen was opened and a catheter was inserted into the superior mesenteric artery, allowing the immediate administration of heparin (100 IU) diluted in PSS to avoid blood clotting. The entire intestine was removed from the abdominal cavity, and the mesenteric vascular bed was perfused with 20 mL of warmed PSS (37 °C) to remove blood. The animals were euthanized by bilateral pneumothorax and exsanguination immediately after the removal of the intestine. In our experiments, only the four main arterial branches from the superior mesenteric trunk running to the terminal ileum were D r a f t 8 maintained opened for perfusion, and all other branches were tied off. The vascular bed was separated from intestine and accommodated in a 50-mL chamber perfusion apparatus connected to a pressure transducer coupled to a computerized data acquisition system and its application software (PowerLab 4/30 ® and LabChart ® Pro v. 7.3.3, respectively, both from AD Instruments, Australia). The preparations were continuously perfused with 4 mL/min PSS at 37 °C, previously bubbled with 95% O 2 /5% CO 2 . A stabilization period of 30 min was allowed and 30 nmol phenylephrine was injected into the perfusion apparatus. The ability of phenylephrine to increase the perfusion pressure (in mm Hg) was used as indicative of the correct set-up of the mesenteric vascular bed.
After an additional interval of 15 min, preparations removed from control, CLP 6 h and CLP 18 h groups were exposed to non-cumulative doses of phenylephrine, norepinephrine (both at 10, 30 and 100 nmol), vasopressin (3, 10 and 30 pmol), or angiotensin II (30 and 100 nmol).
Only two vasoactive agents were randomly tested per preparation. To allow the return of the 
Statistical analysis
The results (n = 5-9 preparations for each experimental group) were expressed as the mean ± standard error of the mean. Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by Tukey's multiple comparison test. A p value less than 0.05 was considered statistically significant. The graphs were drawn and the statistical analyses were performed using GraphPad Prism version 6.0g (GraphPad Software, La Jolla, CA, USA).
Results
Influence of CLP-induced sepsis on the contractile responses of rat mesenteric artery
The exposure of superior mesenteric arteries from control (non-septic) animals to cumulative concentrations of phenylephrine, norepinephrine, angiotensin II or vasopressin resulted in a concentration-dependent increase in the vascular tone ( Fig. 2A-D , open circles).
Angiotensin II was the least efficacious of the vasoconstrictors tested in our experiments, but the analysis of the half maximal effective concentration (EC 50 ) revealed that this peptide was the most potent vasoactive agent in mesenteric arteries from control animals, followed by vasopressin (Table 1 ). In spite of the lack of changes in the contractile responses to KCl ( Table 1 ). In contrast, the maximum contractile effect (E max ) of norepinephrine ( Table 2 ). Importantly, our experiments revealed that renal arteries removed from the CLP 6 h or the CLP 18 h groups did not show any impairment in the vascular reactivity to KCl (Fig. 1B) , or to the vasoactive agents tested in this study ( Fig. 3 ; Table 2 ).
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Interestingly, in spite of the reduced reactivity to phenylephrine recorded in tail arteries from both the CLP 6 h and CLP 18 h groups (Fig. 5A , closed symbols), we found enhanced responses to norepinephrine (Fig. 5B ) and vasopressin ( Fig. 5D ) in the tail artery from CLP 18 h and CLP 6 h groups, respectively, compared with the responses recorded in the tail arteries obtained from control animals. The enhanced E max was not accompanied by any change in the EC 50 for norepinephrine or vasopressin (Table 4 ). In addition, both KCl-and angiotensin II-induced constriction remained unchanged in the tail artery isolated from animals subjected to CLP (Figs.
1D and 5C, respectively).
Influence of CLP-induced sepsis on the reactivity of the mesenteric vascular bed
Administration of vasoconstrictors into the perfusion apparatus resulted in a dosedependent increase in the perfusion pressure of the mesenteric vascular bed obtained from control animals, as showed by the peak of effect in the perfusion pressure (Fig. 6 , open bars), and the area under the curve from each dose administered, an indicative of the duration of the effects ( Supplementary Fig. S3 , open bars). The perfused mesenteric vascular beds obtained from the CLP 6 h and CLP 18 h groups showed a similar pattern of reduced reactivity to phenylephrine and norepinephrine (Figs. 6A and B, respectively), compared with control. This hyporeactivity was also found after administration of 100 nmol angiotensin II in both the CLP groups (Fig. 6C) . As revealed by the analysis of the area under the curve of responses to phenylephrine, norepinephrine and angiotensin II, the CLP surgery also reduced the duration of the effects of these vasoactive agents ( Supplementary Fig. S3A , B and C, respectively).
However, the peak of the effects of vasopressin was not reduced in the CLP 6 h and CLP 18 h groups, compared with control (Fig. 6D) . Indeed, the intermediary dose of vasopressin used in our experiments showed enhanced effects in the mesenteric vascular bed from the CLP 18 h group (Fig. 6D, 10 pmol) . In addition, the duration of the responses to 30 pmol vasopressin were D r a f t augmented in the CLP 6 h and CLP 18 h groups, compared with control, as revealed by the area under the curve of its effects ( Supplementary Fig. S3D ).
Discussion
The behavior of the vascular system during the progression of sepsis remains poorly investigated. In this study, we evaluated the effects of the exogenously administered or endogenously produced vasoactive agents phenylephrine, norepinephrine, vasopressin and angiotensin II in different arteries (superior mesenteric, renal, carotid and tail), and in the mesenteric vascular bed of rats subjected to CLP-induced sepsis.
The results described in this study clearly demonstrate that the impaired vascular 
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; Krejci et al. 2006; Revelly et al. 2000) . Importantly, the CLP surgery performed in our experiments resulted in a lethality rate around 40% (Fig. S1) , and a sustained reduction in systemic blood pressure (Supplementary Table S1 ), even after receiving fluid replacement.
Thus, one of the main findings of this study is the demonstration that there are remarkable differences in the development of contractile dysfunction among vessels from rats subjected to the CLP model of sepsis, which occur even in the presence of systemic hypotension. Notably, these differences may contribute to deleterious effects of vasopressor therapy on both blood flow and function of intestinal tract and kidneys during the septic state.
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We also explored the profile of responses of carotid arteries from CLP-subjected animals to vasoconstrictors. To our knowledge, the few studies that have investigated the effects of sepsis on the in vitro responses of carotid arteries have been restricted to approaches using endotoxemic animals (Arden et al. 1994; Gunnett et al. 1999) . Our findings confirmed the development of vascular dysfunction in the carotid artery from rats subjected to CLP-induced sepsis. In addition, our results also revealed that in contrast to renal arteries (that did not present any impairment in their contractile responses), or mesenteric arteries (in which the loss in reactivity was dependent on the agonist used), carotid arteries appear to develop a more comprehensive hyporeactivity to vasoconstrictors. Indeed, all agents tested in our experimentsincluding vasopressin, which has been shown to increase the blood pressure in patients with Hypotension and low tissue blood flow in sepsis are putatively associated with the inability of the vasculature to regularly maintain tone in response to endogenous or administered vasoactive agents. However, we found that in spite of the reduced responsiveness to phenylephrine, tail arteries obtained from septic rats showed increased contractile responses to norepinephrine and vasopressin at 18 h and 6 h after the CLP surgery, respectively. Although the rat tail artery cannot be directly compared with any vessel found in humans, a number of in vitro studies have been conducted with this vessel mainly to explore the vascular biology in arteries with reduced diameter, when compared with classical vascular preparations (i.e. aortic rings). Taking into account our findings in CLP-subjected rats, it is reasonable to speculate that in spite of the vascular failure that takes place during the septic insult, some vessels may present augmented responses to vasopressor agents, including, but not restricted to norepinephrine and vasopressin.
Despite the demonstration that changes in the contractile responses of superior mesenteric, renal, carotid and tail arteries from rats in the CLP model of sepsis depend on the vasopressor, time-point (6 h or 18 h after the CLP surgery) and vessel evaluated, it is important to mention that these arteries are large conductance arteries, with minor influence mainly in the acute control of blood pressure. As an attempt to bypass at least part of this limitation of our D r a f t study, we also evaluated the effects of phenylephrine, norepinephrine, vasopressin and angiotensin II in the perfused mesenteric vascular bed from CLP-subjected rats. The data obtained revealed that also in this vascular preparation, which comprises mainly small resistance arteries, there are remarkable differences in the reactivity to different vasoactive agents. In addition, the comparison also showed that sepsis-induced changes in the reactivity of large conductance and small resistance arteries from the same vascular bed does not follow a rigorous pattern, in spite of the similarities found. For instance, both the superior mesenteric arteries and the mesenteric vascular beds from the CLP 6 h and CLP 18 h groups were hyporeactive to phenylephrine and angiotensin II, and presented unchanged or even enhanced responses to vasopressin. However, the reactivity to norepinephrine was significantly reduced in the mesenteric vascular bed, but not in the superior mesenteric arteries from CLP-subjected animals.
Importantly, since the differences found in the vascular reactivity of large and small mesenteric arteries cannot be applied for all vascular beds, additional studies must be performed to clarify D r a f t Table 1 . Vascular reactivity of superior mesenteric arteries from non-septic and CLP-subjected rats for vasoactive agents. Table 2 . Vascular reactivity of renal arteries from non-septic and CLP-subjected rats to vasoactive agents. CLP-subjected rats at 6 h or 18 h after surgery, and their reactivity to cumulative concentrations of vasoactive agents evaluated in organ baths (for details see the Methods section). The values show the mean ± standard error mean (for E max ), or the mean and the 95% confidence interval (for EC 50 ). Statistical analyses were performed through two-way ANOVA followed by Tukey's multiple comparison test. No statistical differences were found when the effects of the same vasoactive agent were compared among the groups (same column). Table 3 . Vascular reactivity of carotid arteries from non-septic and CLP-subjected rats to vasoactive agents. Table 4 . Vascular reactivity of tail arteries from non-septic and CLP-subjected rats to vasoactive agents. 
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